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Abstract 

Multi-scale  dispersion  involving  dispersion  of  catalyst  particles  on  carbon  support  as  well  as  intra-particle  dispersion  within  the  particles  of  a 
ternary  Pt-Ru-Ti/C  catalyst  has  been  demonstrated.  The  presence  of  TiC>2  can  dramatically  decreases  the  grain  size  of  the  obtained  catalyst  to  about 
1-2  nm  when  compared  with  similarly  prepared  Pt-Ru/C  (3-4  nm)  catalyst  indicating  that  TiC>2  can  enhance  the  dispersion  of  the  catalyst  particles 
on  carbon  support.  The  structure  and  distribution  of  the  Pt-Ru-Ti/C  catalyst  nanoparticles  has  been  studied  from  high  angle  annular  dark-field 
(HAADF)  images  combining  with  energy-dispersive  X-ray  spectroscopy  (EDX).  The  composition  of  the  Pt-Ru-Ti/C  was  found  to  be  50:34:16 
(Pt:Ru:Ti,  at%).  The  role  of  TiC>2  in  improving  the  intra-particle  distribution  has  been  investigated  by  X-ray  absorption  spectroscopy  (XAS)  at 
extended  X-ray  absorption  fine  structure  region  (EXAFS).  The  XAS  parameters  suggest  that  the  Pt-Ru-Ti/C  catalyst  possess  a  structure  in  which 
the  core  is  rich  in  Pt-Ru  alloy  and  the  shell  is  rich  in  Pt.  In  the  shell,  the  Pt,  Ru  and  TiC>2  species  are  distributed  homogenously.  As  a  result 
of  the  improved  multi-scale  dispersion,  the  Pt-Ru-Ti/C  catalyst  exhibited  enhanced  activity  towards  methanol  oxidation  when  compared  to  the 
commercial  E-TEK  30  Pt-Ru/C  catalyst  and  shows  nearly  similar  performance  when  compared  to  the  commercial  JM  30  Pt-Ru/C  catalyst  with 
promising  applications  in  fuel  cells. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Highly  dispersed  and  size  selected  nanoelectrocatalysts 
are  currently  in  great  demand  to  enhance  the  performance 
of  direct  methanol  fuel  cells  (DMFCs)  [1].  In  general,  most 
catalytic  reaction  activities  are  structure  sensitive  and  this  in 
turn  depends  on  the  achievement  of  multi- scale  dispersion 
and  stability  of  the  catalyst  particles.  As  the  name  implies, 
multi-scale  dispersion  involves  the  high  dispersion  of  catalyst 
particles  on  the  support  as  well  as  the  intra-particle  dispersion 
among  the  constituent  elements  and  it  has  significant  impact 
on  the  activity.  By  far  the  most  common  approach  to  prevent 
agglomeration  and  coalescence  of  the  nanoparticles  on  fuel  cell 


*  Corresponding  author.  Tel.:  +886  2  27376624;  fax:  +886  2  27376644. 
E-mail  address:  bjh@mail.ntust.edu.tw  (B.-J.  Hwang). 

0378-7753/$  -  see  front  matter  ©  2006  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2006.04.135 


catalysts  is  through  stabilizing  them  with  surfactants  such  as 
polyvinyl  pyrrolidine  [2].  In  order  to  allow  the  fuel  access  to 
the  catalytic  sites,  the  stabilization  agent  should  be  removed 
preferably  by  oxidative  heat  treatment  [3].  However,  heat 
treatment  poses  additional  problems  such  as  phase  separation 
of  active  metals,  coalescence  of  particles,  and  alteration  of 
surface  concentration  of  the  catalyst  [4].  With  these  existing 
difficulties,  no  significant  progress  has  been  achieved  so  far  in 
effectively  providing  the  intra-particle  dispersion.  Thus,  there 
exists  a  great  interest  in  improving  the  multi-scale  dispersion  in 
the  catalysts  and  establishing  its  relationship  with  the  activity  of 
catalysts. 

In  this  contribution,  we  demonstrate  the  multi-scale  dis¬ 
persion  in  a  fuel  cell  anode  catalyst  Pt-Ru-Ti/C  obtained  by 
introducing  EO2  into  the  Pt-Ru  matrix  when  compared  to  the 
in-house  prepared  Pt-Ru/C,  commercial  E-TEK  30  and  JM  30 
Pt-Ru/C  catalysts.  The  presence  of  EO2  in  the  Pt-Ru  matrix 
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likely  to  perform  roles,  such  as  (i)  avoid  the  agglomeration  of 
Pt-Ru  particles,  (ii)  effectively  disperse  the  Pt  and  Ru  atoms 
in  the  clusters  and  (iii)  control  the  nanostructure  of  the  cat¬ 
alyst.  Based  on  the  X-ray  absorption  spectroscopic  analysis, 
we  have  evaluated  the  structural  parameters  to  understand  the 
extent  of  atomic  distribution  of  Pt  and  Ru  species  and  attempted 
to  establish  its  relationship  to  the  superior  activity  of  Pt-Ru- 
Ti/C  catalyst.  X-ray  absorption  spectroscopy  (XAS)  studies  at 
extended  X-ray  absorption  fine  structure  (EXAFS)  region  (above 
the  edge,  ^30-50  eV)  has  proved  to  be  an  invaluable  tool  for 
structural  studies  of  the  catalysts  and  has  wide  applications 
[5-8]. 

2.  Experimental 

2.7.  Preparation  of  Vulcan  XC-72  carbon- supported 
Pt-Ru-Ti  alloy  catalyst 

The  Pt-Ru-Ti/C  catalyst  was  prepared  by  using  a  slight 
modification  of  colloidal  reduction  method  originally  devel¬ 
oped  to  synthesize  Pt-Ru/C  catalysts  by  Watanabe  et  al.  [9]. 
Two  commercial  Pt-Ru/C  catalysts,  one  is  a  20%Pt-10%Ru 
supplied  by  E-TEK  and  the  other  is  a  20%  Pt-10  %  Ru  supplied 
by  Johnson-Matthey,  both  with  a  Pt/Ru  atomic  ratio  of  1:1 


and  an  average  particle  sizes  of  2-3  nm,  were  also  utilized  for 
comparison  study. 

2.2.  XAFS  measurements  and  data  analysis 

The  X-ray  absorption  spectra  were  recorded  at  the  Beam  Line 
BL12B2  at  the  Spring-8,  Hyogo,  Japan.  The  electron  storage 
ring  was  operated  at  8  GeV.  Prior  to  the  XAS  measurements,  the 
catalyst  sample  in  the  holder  was  treated  with  pure  H2  gas  for 
30  min  with  a  flow  rate  of  30  cm3  H2  min- 1 ,  and  then  performed 
the  XAS  scan.  Standard  procedures  were  followed  to  analyze  the 
XAS  data.  The  EXAFS  function,  x,  was  obtained  by  subtracting 
the  post-edge  background  from  the  overall  absorption  and  then 
normalized  with  respect  to  the  edge  jump  step.  Subsequently,  k3- 

o  1 

weighted  x(k)  data  in  the  k- space  ranging  from  3.6  to  12.5  A-i 

o  t 

for  the  Pt  Lin -edge,  from  3.6  to  11.6  A-1  for  the  Ru  K-edge 
were  Fourier  transformed  (FT)  to  r- space  to  separate  the  EXAFS 
contributions  from  the  different  coordination  shells.  A  nonlinear 
least-squares  algorithm  was  applied  to  the  curve  fitting  of  an 

o 

EXAFS  in  the  r-space  between  1.7  and  3.2  A  (without  phase 

o 

correction)  for  Pt,  between  1.5  and  3.3  A  for  Ru.  The  Pt-Ru 
reference  file  was  determined  by  a  theoretical  calculation.  All 
the  computer  programs  were  implemented  in  the  UWXAFS  3.0 
package  with  the  backscattering  amplitude  and  the  phase  shift 


Fig.  1 .  Representative  STEM  bright  field  (BF)  and  HAADF  images  ( x  5,90,000, 200  kV)  of  the  Pt-Ru-Ti/C  catalyst  nanoparticles  and  the  corresponding  EDX  spectra 
(the  beam  location  is  illustrated  in  the  HAADF  image). 
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Fig.  2.  HRTEM  image  of  the  Pt-Ru-Ti/C  catalyst.  The  most  prominent  fringe  index  to  (1  1  1)fcc  (0.217  nm). 


for  the  specific  atom  pairs  being  theoretically  calculated  by  using 
FEFF7  code. 

3.  Results  and  discussion 

The  grain  size  for  the  in-house  prepared  Pt-Ru/C,  Pt-Ru-Ti/C 
catalysts  and  commercial  E-TEK  30  and  JM  30  Pt-Ru/C  are 
determined  by  Scherrer’s  equation  using  the  (2  2  0)  peak  of  their 
XRD  patterns  (data  not  shown  here).  The  presence  of  TiC>2  in 
the  catalyst  matrix  dramatically  decreases  the  Pt-Ru-Ti/C  grain 
size  to  about  1-2  nm  when  compared  to  the  grain  size  of  sim¬ 
ilarly  prepared  Pt-Ru/C  catalyst  (3-4  nm),  indicating  that  TiC>2 
enhances  the  dispersion  of  the  catalyst  particles  on  carbon  sup¬ 
port.  In  order  to  get  additional  insights  in  to  the  structure  and  dis¬ 
tribution  of  the  Pt-Ru-Ti/C  catalyst,  its  high  resolution  TEM  and 
HAADF  images  were  obtained  by  using  a  FEI  E.O  Tecnai  F20G2 
MAT  S-TWIN  Field  Emission  Gun  (FEG)  (S)  TEM  apparatus 


operated  at  200  kV.  Representative  bright  field  (BF)  and  HAADF 
images  of  the  Pt-Ru-Ti/C  electrocatalyst  are  shown  in  Fig.  1 .  The 
BF  image  shows  that  the  catalyst  particles  are  homogeneously 
supported  with  a  high  degree  of  dispersion  on  carbon.  Com¬ 
parison  of  HAADF  image  with  BF  image  of  Fig.  1  provides  a 
better  resolution  which  was  due  to  the  large  difference  in  electron 
scattering  between  heavy  metal  nanoparticles  and  low-Z  carbon 
support  at  high  angles.  The  dimension  of  the  metal  nanoparti¬ 
cle  in  the  synthesized  Pt-Ru-Ti/C  catalyst  was  checked  with  the 
previous  results  obtained  by  XRD.  The  aggregation  of  the  metal 
nanoparticles  at  the  edge  was  believed  due  to  the  2D  transmission 
electron  image,  which  could  be  taken  as  the  projection  image  of 
lateral  side  of  the  metal  nanoparticles.  Furthermore,  the  compo¬ 
sition  of  the  selected  nanoparticle  was  determined  by  nanoprobe 
energy-dispersive  X-ray  analysis  (EDX).  Quantitative  analysis 
of  EDX  spectra  reveals  a  composition  of  50  at%  Pt,  34  at%  Ru 
and  16  at%  Ti  in  the  irradiated  Pt-Ru-Ti/C  catalyst  nanoparticle 


Table  1 

Results  of  EXAFS  analysis  for  Pt-Ru-Ti/C  (50:34:16),  Pt-Ru/C,  commercial  E-TEK  30,  and  JM  30  Pt-Ru/C  (50:50)  catalysts 


Catalyst 

Bond 

N 

R(  A) 

A  E0  (eV) 

A ct2  x  10-3  (A2) 

R-factor 

Pt  Lm-edge 

JM  30 

Pt-Ru 

1.4  (0.1) 

2.700  (0.003) 

4.5  (0.7) 

2.4  (0.3) 

0.0065 

Pt-Pt 

5.6  (0.3) 

2.734  (0.003) 

4.2  (0.4) 

5.5  (0.3) 

E-TEK  30 

Pt-Ru 

0.9  (0.1) 

2.699  (0.004) 

4.0  (1.0) 

2.0  (0.4) 

0.0053 

Pt-Pt 

6.2  (0.3) 

2.742  (0.002) 

4.9  (0.4) 

5.4  (0.2) 

Pt-Ru/C 

Pt-Ru 

1.2  (0.1) 

2.701  (0.003) 

4.8  (0.7) 

1.9  (0.4) 

0.0068 

Pt-Pt 

5.9  (0.3) 

2.730  (0.003) 

3.6  (0.4) 

5.7  (0.3) 

Pt-Ru-Ti/C 

Pt-Ru 

1.2  (0.03) 

2.706  (0.001) 

6.1  (0.24) 

1.3  (0.13) 

0.0007 

Pt-Pt 

4.4  (0.09) 

2.721  (0.001) 

2.6  (0.22) 

4.2(0.12) 

Pt-Ti 

0.6  (0.17) 

2.359  (0.022) 

-32.9  (4.13) 

1.4(0.33) 

Ru  K-edge 

JM  30 

Ru-Pt 

2.2  (0.3) 

2.692  (0.007) 

0.2  (1.0) 

3.5  (0.8) 

0.0081 

Ru-Ru 

3.4  (0.2) 

2.659  (0.003) 

3.0  (0.4) 

5.1  (0.4) 

E-TEK  30 

Ru-Pt 

1.2  (0.2) 

2.691  (0.008) 

0.7  (1.4) 

1.0  (0.9) 

0.0052 

Ru-Ru 

3.7  (0.2) 

2.663  (0.003) 

4.6  (0.4) 

4.3  (0.3) 

Pt-Ru/C 

Ru-Pt 

3.7  (0.3) 

2.676  (0.005) 

-4.6  (0.8) 

4.3  (0.6) 

0.0083 

Ru-Ru 

3.2  (0.2) 

2.662  (0.003) 

4.4  (0.5) 

3.9  (0.4) 

Pt-Ru-Ti/C 

Ru-Pt 

3.9  (0.5) 

2.647  (0.006) 

-12.2(1.3) 

4.0  (0.6) 

0.0097 

Ru-Ru 

3.5  (0.3) 

2.654  (0.003) 

1.5  (0.7) 

3.7  (0.36) 

Ru-Ti 

0.1  (0.6) 

2.453  (0.27) 

4.2  (15.04) 

2.7  (0.6) 

N,  Coordination  number;  R,  Bond  distance;  A crj,  Debye- Waller  factor;  AEq,  Inner  potential  shift. 
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(inside  the  square  in  the  HAADF  image  of  Fig.  1).  The  HRTEM 
image  of  the  Pt-Ru-Ti/C  catalyst  sample  was  shown  in  Fig.  2. 
Lattice  fringes  of  0.20-0.23  nm  corresponding  to  P^Ru^  (111) 
are  observed.  Lattice  fringes  corresponding  to  hexagonal  Ru  are 
not  observed.  However,  the  grain  size  of  the  metal  nanoparticle 
in  HRTEM  image  seemed  to  be  around  2  nm  which  is  similar  to 
the  one  obtained  from  XRD  and  HAADF  image. 

Evidence  for  the  enhancement  of  intra-particle  dispersion 
in  the  Pt-Ru-Ti/C  catalyst  comes  from  XAS  experiments.  The 
EXAFS  spectra  of  the  Pt  Lm-edge  and  Ru  K-edge  for  the 
studied  electrocatalysts  were  obtained  (data  not  shown  here) 
and  the  corresponding  fitting  parameters,  e.g.,  interatomic  dis¬ 
tance  ( R ),  coordination  number  (AO  and  Debye- Waller  factor 
(cr?)  extracted  from  the  EXAFS  refinement  are  summarized  in 
Table  1.  At  Pt  Lm-edge,  in  all  the  catalyst,  there  appears  split¬ 
ting  of  a  peak  corresponding  to  the  first  coordination  shell  in  the 

o 

region  1 .8-3.2  A  caused  by  the  EXAFS  contributions  from  Pt-Pt 
and  Pt-Ru  shells  and  this  has  been  ascribed  to  the  formation  of 
Pt-Ru  nanoparticles  [10-12].  The  coordination  number  of  scat¬ 
tering  Ru  atoms  around  adsorbing  Pt  atoms  (A/pt_RU)  is  found 
to  be  increased  in  the  case  of  ternary  Pt-Ru-Ti/C  compared  to 
the  E-TEK  30  Pt-Ru/C  catalyst.  We  believe  that  the  presence  of 
Ti02  could  influence  the  morphology  of  the  catalyst  by  effec¬ 
tively  dispersing  the  Pt  and  Ru  atoms  in  the  catalytic  clusters  and 
increased  the  A/pt_RU.  Herein,  we  have  attempted  to  probe  how 
Ti02  enhances  the  intra-particle  dispersion  among  Pt  and  Ru 
atoms  by  constructing  structural  models  for  the  catalysts  based 
on  calculated  XAS  parameters.  We  have  calculated  the  ratio  of 
the  scattering  ‘Ru’  atoms  coordination  number  around  absorbing 
‘Pt’  atoms  (A/pt-Ru)  to  the  total  coordination  number  of  absorb¬ 
ing  atoms  (A  =  XApt_i)  and  represented  as  “(P  =  Apt-RU/XApt_i)”. 
In  a  similar  manner  the  ratio  of  the  scattering  ‘Pt’  atoms  coor¬ 
dination  number  around  absorbing  ‘Ru’  atoms  (NRU_pt)  to  the 
total  coordination  number  of  absorbing  atoms  ( B  =  XAru_i)  has 
been  calculated  and  represented  as  “(R  =  Nr u_pt/XA/RU_i)”  and 
presented  in  Table  2.  It  is  possible  to  estimate  the  intra-particle 
dispersion  within  the  catalyst  particles  with  the  knowledge  of 
the  structural  parameters  P,  R ,  A  and  B  [13]. 

Based  on  the  XAS  parameters,  it  is  found  that  A  >B  and 
R  >  P  in  the  case  of  E-TEK  30,  JM  30  and  in-house  prepared 
Pt-Ru/C  catalyst,  indicating  a  Pt-rich  core  surrounded  by  a  shell 
enriched  in  Ru.  The  observed  parameter  relationship  i.e.  A  >  B 


Table  2 


Structural  coordination  parameters  for  in-house  prepared  Pt-Ru/C,  Pt-Ru-Ti/C, 
and  commercial  E-TEK  30  and  JM  30  Pt-Ru/C  (50:50)  catalysts. 


Catalyst 

P 

R 

A 

B 

JM  30  Pt-Ru/C 

0.20 

0.39 

7.0 

5.6 

E-TEK  30  Pt-Ru/C 

0.13 

0.24 

7.1 

4.9 

Pt-Ru/C  (in-house  prepared) 

0.17 

0.54 

7.1 

6.9 

Pt-Ru-Ti/C  (in-house  prepared) 

0.21 

0.53 

5.6 

7.4 

is  consistent  with  the  relationship  Naa  +  AAb  >  A/ra  +  Nbb  for 
a  homogeneous  system  for  which  the  core  of  the  cluster  is  com¬ 
posed  of  N  atoms  of  A  (N a)  and  the  surface  is  made  of  N  atoms 
of  B  (A^r),  the  total  coordination  number  (Naa  +  Nab)  f°r  the  ‘A’ 
atom  and  greater  than  the  total  coordination  for  the  ‘B’  atoms 
(Nba  +  A/rb).  The  structural  parameters  P  and  R  in  the  case  of 
E-TEK  30  calculated  as  0.13  and  0.24,  respectively,  and  in  the 
case  of  JM  30  these  values  are  found  to  be  0.20  and  0.39,  respec¬ 
tively.  The  progressive  increase  in  P  and  R  values  can  be  taken 
as  an  indication  of  increasing  the  extent  of  intra-particle  disper¬ 
sion.  In  E-TEK  30  segregation  of  Pt  and  Ru  atoms  is  serious 
in  the  core  and  shell,  respectively,  and  hence  small  extent  of 
intra-particle  dispersion  is  obtained  as  lower  number  of  P  and 
R  values  suggests.  Recent  infrared  measurements  on  the  Pt-Ru 
alloy  particle  electrodes  indicates  two  modes  of  adsorbed  CO 
vibrations  related  to  both  Pt  and  Ru  domains  present  on  the 
surface  supports  the  surface  segregation  of  Ru  in  commercial 
catalysts  [14].  The  increased  P  and  R  values  in  the  case  of  JM 
30  suggest  that  the  segregation  of  Pt  and  Ru  atoms  is  not  serious 
so  as  to  achieve  improved  intra-particle  dispersion.  In  the  case 
of  ternary  Pt-Ru-Ti/C  ( A<B  and  P < R ),  the  catalyst  adopts  an 
inverted  structure  in  which  Pt  is  rich  in  the  shell  and  Pt-Ru  alloy 
rich  in  the  core.  However,  the  extent  of  segregation  of  Pt  and 
Ru  atoms  is  much  less,  as  suggested  by  the  increase  in  P  and 
R  values,  due  to  the  significant  role  of  TiC>2  in  enhancing  the 
dispersion  of  the  Pt  and  Ru  atoms  in  the  catalyst  clusters  and 
improving  the  intra-particle  dispersion  (Fig.  3). 

The  CO  stripping  voltammograms  recorded  on  commercial 
E-TEK  30,  JM  30  Pt-Ru/C  catalysts  and  in-house  prepared  Pt- 
Ru-Ti/C  catalysts  are  shown  in  Fig.  4.  The  current  has  been 
normalized  to  the  electrochemically  active  noble  metal  surface 
area  (Aact)  which  was  obtained  from  the  experimentally  observed 


Fig.  3.  Schematic  presentation  of  the  structures  of  JM  30,  E-TEK30  Pt-Ru/C  catalysts,  and  in-house  prepared  Pt-Ru/C  and  Pt-Ru-Ti/C  catalysts. 
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Fig.  4.  CO  stripping  voltammograms  recorded  at  5mVs_1  in  0.5  M  H2SO4 
solution  for  the  prepared  Pt-Ru-Ti/C,  E-TEK  30  and  JM  30Pt-Ru/C  catalysts 
(CO  gas  was  purged  for  15  min  at  0. 1  V  vs.  NHE  and  then  stripped).  Current  has 
been  normalized  to  electrochemical  active  surface  area  of  Pt. 

CO  stripping  charges  (area  of  the  stripping  peak  divided  by  the 
scan  rate)  divided  by  the  charge  required  to  oxidize  a  monolayer 
of  linearly  adsorbed  CO  on  Pt  (420  piC  cm-2)  [15]. 

The  onset  potential  of  the  adsorbed  CO  increases  in  the  fol¬ 
lowing  order:  Pt-Ru-Ti/C  (ca.  0.37V)<JM  30  Pt-Ru/C  (ca. 
0.39  V)<  E-TEK  30  Pt-Ru/C  (ca.  0.44  V).  The  presence  of  Ti 
appears  to  aid  in  the  oxidation  of  CO  at  lower  potentials.  The 
role  of  Ti  in  terms  of  electronic  and  bifunctional  effects  is  of  par¬ 
ticular  importance  and  will  be  addressed  in  our  future  papers. 
It  is  seen  that  the  CO  stripping  peak  potential  values  are  in 
the  following  order:  Pt-Ru-Ti/C  (ca.  0.54  V)  ~  JM  30  Pt-Ru/C 
(ca.  0.54  V)  <  E-TEK  30  Pt-Ru/C  (0.63  V).  Compared  to  the  CO 
stripping  peak  potential  of  poly  crystalline  Pt  (^0.72  V)  [16], the 
Pt-Ru-Ti/C  catalyst  shows  the  catalytic  enhancement  towards 
CO  oxidation  in  the  order  of  0.18-0.26  V. 

Chronoamperometric  analysis  at  constant  potential  of  0.5  V 
versus  NHE  recorded  on  the  catalysts  in  15%  CH3OH  +  O.5M 
H2SO4  indicated  that  the  Pt-Ru-Ti/C  catalyst  performs  well  over 
the  E-TEK  30  and  Pt-Ru/C  catalysts.  The  segregation  of  Ru  in 
the  case  of  E-TEK  30  in  part  may  be  responsible  for  its  lower 
methanol  oxidation  activity  compared  to  JM  30  [  1 3] .  When  com¬ 
pared  to  the  commercial  JM  30  Pt-Ru/C  the  prepared  Pt-Ru-Ti/C 
catalyst  shows  slightly  improved  performance.  Improved  multi¬ 
scale  dispersion  in  Pt-Ru-Ti/C  catalyst  can  be  attributed  to  its 
enhanced  performance  towards  methanol  oxidation. 

4.  Conclusion 

In  conclusion,  one  can  achieve  multi-scale  dispersion  in  cat¬ 
alysts  by  introducing  TiC>2  in  the  catalyst  matrix.  TiC>2  can 
disperse  well  the  Pt  and  Ru  atoms  in  the  catalyst  clusters  and 


also  disperse  nanoparticles  well  on  to  carbon.  The  E-TEK  30, 
JM  30  and  in-house  prepared  Pt-Ru/C  catalysts  adopts  Ru  rich  in 
shell  and  Pt  rich  in  core  structure,  whereas  Pt-Ru-Ti/C  adopts  an 
inverted  structure  in  which  Pt  rich  in  shell  and  Pt-Ru  alloy  rich 
in  the  core.  With  the  controlled  amount  of  TiC>2  in  the  catalyst,  it 
is  possible  to  control  the  nanostructure  of  the  catalyst.  The  role 
of  Ti  as  an  electron  transfer  facilitator  and  a  supplier  of  hydrox¬ 
ide  groups  to  the  Pt  surface  during  methanol  oxidation  reaction 
are  currently  investigating  in  our  laboratory  by  XAS  and  will  be 
addressed  in  future.  It  is  also  of  interest  to  study  the  effect  of 
other  metal/metal  oxides  in  improving  the  multi-scale  dispersion 
in  catalysts.  Based  on  the  proposed  XAS  structural  parameters, 
it  is  possible  to  estimate  the  extent  of  intra-particle  dispersion 
among  the  atoms  in  the  catalyst  clusters  of  other  systems.  The 
proposed  method  can  produce  electrocatalysts  with  remarkable 
activity  for  methanol  oxidation  with  promising  applications  in 
fuel  cells. 
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